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1,2 Hypertension is generally assumed over time to impact the brain and predispose to stroke. 3 Functional brain changes may, however, occur before hypertension and precede or co-occur with increased blood pressure (BP). Indeed, animal models of hypertension indicate the involvement of multiple neural factors in the instigation of hypertension. 4, 5 In humans, BP is already related at mean age of 50 years to cerebral brain volumes, cerebral blood flow (CBF), and white matter integrity. 6 Correlations at this relatively early age provide support for examining human brain indices as precursors or concomitants of BP progression. Our previous work 7 reinforced this possibility. Successful pharmacological treatment of hypertension for a year failed to alter prospective changes in brain indices initially related to hypertension. Indeed, measures of brain structure and regional CBF (rCBF) response at baseline were positively related to the subsequent success of BP reduction. 8 In the current work, we used the magnetic resonance imaging (MRI) analog of the positron emission tomographic rCBF assessments done earlier. 8, 9 Arterial spin labeling is an established technique, and its derived rCBF correlates well with positron emission tomography-derived rCBF [10] [11] [12] and with risk indicators of dementia and hypertension. 13, 14 We hypothesized that neural factors promoting essential hypertension would over time become manifest in humans as altered cerebrovascular activation and cognitive dysfunction accompanying progression of BP toward hypertension. If so, then advancing BP in prehypertensive individuals may be preceded/predicted by neuropsychological performance and rCBF responses. This contrasts with the alternative hypothesis that influences on the brain are a sequelae of hypertension 3 ; namely, the hypothesis that BP 2 years earlier would predict changes in neuropsychological function and rCBF responses.
We were able to adopt only general hypotheses. The substantial differences in temporal and spatial resolution of human brain imaging and animal neuroscience methods made it difficult to form precise expectations based on animal model work. 4, 5 Imaging can, however, assess enhanced rCBF in central areas known to relate to autonomic control and hence relevant to areas implicated in animal model work.
We hypothesized that progression of BP would be related to brain areas associated with autonomic control and previously identified in human imaging studies as correlated with BP or BP responses to challenge. Hence, we formed regions of interest based on this, challenged participants with tasks previously separating those differing in BP, and hypothesized that rCBF in ≥1 of these regions would predict progression of BP. Similarly, although the majority of studies show mild cognitive impairment in hypertensive individuals, the specific cognitive process impacted varies between studies. 1,2 Hence, we used a battery of neuropsychological tests, including cognitive processes often observed, to differ between hypertensive and normotensive individuals. 15 We hypothesized that deficits in ≥1 of these cognitive processes would predict the progression of BP among prehypertensive individuals. An earlier report 16 documents the neuropsychological and rCBF responsivity correlates of BP before follow-up among the prehypertensive participants and normotensive controls.
Methods Participants
Two-year longitudinal data were collected from 154 participants. Healthy middle-aged adults (35-60 years) were enrolled with the following exclusions: (1) general medical conditions: pregnancy, ischemic coronary artery disease, cancer (treatment <12 months), chronic liver disease, chronic kidney disease (creatinine >1.2 mg/dL), or diabetes mellitus (fasting blood glucose >125 mg/dL); (2) neuropsychiatric conditions: stroke, multiple sclerosis, serious head injury, epilepsy, brain tumor, and major mental illness; and (3) use of prescription medications for hypertension and psychotropic drugs. Participants were selected to be prehypertensive (systolic BP [SBP] >120 and SBP <140 mm Hg or diastolic BP >80 and diastolic BP <90 mm Hg). Trained assistants assessed BP using the ausculatory technique with cuff size appropriate to participant arm after 5-minute seated rest with supported back. Two readings were taken separated by at least 1 minute. The assessment was repeated on the second day, and the resulting 4 readings were averaged to determine study eligibility (Table 1) .
Participants were recruited from the local community via newspaper advertisements, posted flyers, and databases of individuals interested in research studies. All study procedures received local institutional review board approval, and all participants provided informed consent before initiation of research procedures.
Procedure
Participants were initially screened via telephone for study eligibility. Participants visited the laboratory on 3 occasions typically occurring within 2 weeks. Visit 1 included a detailed medical history, BP measurement, height, weight, and waist, 12-hour fasting blood work, and various demographic, lifestyle questionnaires. Visit 2 consisted of a 2-hour neuropsychological battery preceded by BP measurement. A 16-hour urine collection was conducted between visits 1 and 2. Visit 3 was an MRI examination lasting 1 hour. Participants were generally tested 2 years apart but with a variability of ≈2 months (mean, 741.6 (51.6) days). At follow-up, the 3 testing days were repeated with the only exceptions being that the medical history focused on changes during the 2 years and the personality questionnaire was abbreviated by not repeating trait measures ( Figure S1 in the online-only Data Supplement).
Neuropsychology
A trained clinical psychologist administered the neuropsychological tests. Tests in the battery, organization into 5 cognitive factors, and supporting references are in Table S1 in the online-only Data Supplement of the prior report. 16 The following factors were formed based on a principal components analysis of data before follow-up: (1) memory-immediate and delayed memory for a brief story, verbal learning of unconnected items, immediate and delayed; (2) working memory-immediate and delayed memory for a complex figure, errors in connecting alphanumeric labeled dots, detecting retained letter-number sequences, and immediate memory of brief sequences at multiple delays; (3) attention-sum of target items missed from 2 trials of vigilance task; (4) executive function-stroop color word interference and sum of all verbal fluency items; and (5) mental efficiency-digit vigilance times for 2 trials summed, digit symbol substitution test, time connecting numbered dots, and pegboard time preferred and nonpreferred hand. Tests loading on a factor were combined using unit weighting of the tests noted.
Magnetic Resonance Imaging
Structural and perfusion MRI was performed using a Siemens Trio 3T MRI. A structural magnetization-prepared rapid gradientecho scan with 192 slices and an isotropic voxel size of 1 mm 3 was acquired in 7 minutes and 2 seconds. Perfusion MRI was acquired using a balanced pseudo-continuous arterial spin labeling sequence. 17 Pseudo-continuous arterial spin labeling perfusion MRI offers quantitative CBF measurements (in mL per 100 g/min) by using the arterial blood water protons as an endogenous contrast agent. Details of the scanning parameters are provided in reference. 16 Images were converted into Neuroimaging Informatics Technology Initiative format and processed using University of Pennsylvania arterial spin labeling data processing toolbox modified to incorporate the difference (control-label) signal spatiotemporal variations to infer tracer arrival time. 18, 19 Perfusion scanning was applied in a block design with 3 minutes of the control task followed by 6 minutes of the active task and concluding with 3 minutes of the control task. The initial task was a working memory task. The active task required a button press whenever a letter occurred that repeated a letter presented 2 trials prior (2Back) in the sequence. This requires memory of 3 items compared with the control for this task, a 0 back, in which a letter named before the task required a press, that is, only the target letter had to be retained. The second task was a multisource interference test. For the active task, numbers are matched to finger positions on a response glove: 1=2nd finger, 2=3rd finger, and 3=4th finger. For each trial, a combination of these numbers are presented in sets of 3. The number in one of the spatial positions differs from the other 2 identical numbers. The number that is different must be identified, and the corresponding finger must make a button press. Interference arises between the spatial mapping of the screen and the numeric mapping of fingers. Based on ongoing performance, the time between stimuli was altered to maintain a performance accuracy of ≈55%. The control task is the same except the differing number always shares both a spatial and numeric correspondence.
Preprocessing was performed with statistical parametric mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm/). Perfusion data were aligned to the initial slice, and motion correction was performed. Images were then coregistered to the magnetization-prepared rapid gradient-echo structural image of the participant and further normalized to the Montreal Neurological Institute template. Subtraction for derivation of CBF was then performed. Preprocessing was performed identically at baseline and follow-up periods using the structural and perfusion data from those times. Robust regression procedures were used to assess voxel-wise differences between control and active tasks. Data (first eigenvector) were then extracted for 16 bilateral regions of interest. These were selected based on prior literature in which BP or BP reactions to cognitive tasks had been related to brain structure or function. 16 Selected regions were amygdala; Brodmann Area 6 (prefrontal cortex); dorsolateral prefrontal cortex; mid-cingulate cortex; ventrolateral prefrontal cortex; ventromedial prefrontal cortex; anterior insula; cerebellum, dorsal anterior cingulate; dorsal striatum; pons, posterior cingulate; posterior parietal; subgenual anterior cingulate; thalamus; and ventral striatum. Many of these areas are considered to be components of a central autonomic network. 20, 21 The anatomic definitions, derived December 2017
components, and their analysis in cross-sectional data are described in a prior report.
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Analytic Approach
Development of Models and Measures
Because of the observation of substantial correlation among brain regions of interest (ROIs), the data from these ROIs were submitted to a principal components analysis followed by varimax rotation (all analyses performed with Statistica; Dell, Tulsa, OK). This permitted hypothesis testing of a smaller number of variables controlling in part for multiple comparisons testing. Areas loading ≥0.49 were unit weighted and combined into factors. Separate principal components analyses for the multisource interference test and 2Back tasks yielded comparable solutions permitting combination across tasks. Derived ROI combinations were frontoparietal (Brodmann Area 6, dorsolateral prefrontal cortex, dorsal anterior cingulate, and posterior parietal), frontostriatal (ventrolateral prefrontal cortex, ventromedial prefrontal cortex, subgenual anterior cingulate, and ventral striatum), and insular-subcortical (amygdala, anterior insula, pons, and thalamus). The results for analyses of individual ROIs are presented in the online-only Data Supplement. Bivariate correlations and multivariable regression were applied to determine factors during the initial visit that related to BP at followup. To maintain statistical sensitivity, analyses used the quantitative change in SBP as outcome rather than the binary hypertensive or not outcome. The same approach was then applied to assess whether initial BP predicted subsequent brain function (rCBF response and neuropsychological performance). Composite measures and assessing only SBP exercised some control over experiment-wise error. Use of SBP maintained consistency with our prior reports. 16 To design appropriate multiple regression models, all variables potentially associated with BP progression were examined. The number of these precluded inclusion of all of them in the regression models. Bivariate correlations with the change in SBP and exploratory multivariable regression models assessing potential relationships are reported in Tables S1 through S7. The following variables were not included in models because of the absence of statistical significance: prescription medication use at baseline or follow-up, depression as assessed by the CES-D (Center for Epidemiologic Studies-Depression), 22 reports on the perceived stress scale, 23 SBP reactivity during task performance, time between baseline and follow-up for each individual, reported birth weight, family history of hypertension, frequency of alcohol use, smoking history, reported physical activity, white matter hyperintensities, brain ventricular or sulcal size, and salt intake (prefollow-up and change). However, change in BP was correlated with body mass index (BMI; r=0.22) and apnea risk determined from the Berlin questionnaire (r=0.21).
Based on these results, regression models first examined followup SBP as a function of initial SBP, characteristics typically applied in the literature a priori as covariates: age, sex, race, and education level achieved, and either the neuropsychological factors or the rCBF composites before follow-up ( Table 2 ). The inclusion of initial SBP in the model removes any linear relation with follow-up SBP such that change or progression in SBP during 2 years is tested. In the next step, models with BMI and apnea risk were added (Table 3 ). In the final step, follow-up SBP was assessed as a function of both initial neuropsychological and initial rCBF composites to examine potential covariance of these predictive factors. Comparable multivariable models tested the alternative hypothesis that initial SBP predicted neuropsychological and rCBF responses at the end of follow-up controlling for the prefollow-up level of these variables. Models were rerun with each neuropsychological and rCBF component tested singly rather than with other components; results were essentially the same as reported below. differ significantly between the participants with and without MRI data at time 1. Mean value substitution was used for the rCBF values of the 6 participants without this data to maintain a uniform n=154 across all analyses relating pre-and post-SBP.
Results
Participant Characteristics
At follow-up, 37 individuals (24%) of the initially prehypertensive participants met clinical criteria for hypertension (SBP ≥140 or diastolic BP ≥90 mm Hg). However, the mean SBP did not significantly increase in the whole sample. Seven individuals began antihypertensive medications during the follow-up period. For those with lowered BP because of pharmacological treatment at the time of follow-up, analyses were done with the participants' follow-up measured SBP increased by 10 mm Hg. 24 However, analyses using these participants' measured SBP showed essentially the same pattern of statistically significant results.
Cerebral Blood Flow
The blood flow activation patterns for both the 2Back and multisource interference test tasks were consistent with patterns observed previously in the literature. 25, 26 This was evident in both whole brain analyses and in analyses of the ROIs selected for analysis as relevant to BP (Table S8 ). Figure 1 shows the voxel-wise activation results for the follow-up period and also outlines the ROIs used in the analyses. Figure 2 in a prior report further details the ROIs that were then combined into frontoparietal, frontostriatal, and insular-subcortical composites. 16 (See also Tables 2 through 4 show the results for sequential regression models. Table 2 shows the results with basic demographic factors covaried. In both this table and Table 3 , neuropsychology and rCBF predictors are shown in separate models. Table 3 shows the addition of apnea risk and BMI to the models. Table 4 models neuropsychology and rCBF within the same model. As shown in Table 2 , the working memory neuropsychological scores at initial testing were significantly related to follow-up SBP; better working memory at initial testing was associated with less progression of SBP. Neither the other neuropsychological factors nor Table 2 covariates other than baseline SBP contributed significantly to change in SBP. In Table 3 , working memory retains a similar level of relationship with subsequent SBP. Apnea risk did not contribute to the model, but BMI was positively related to subsequent SBP. Figure 2 shows a scatter diagram relating SBP at follow-up corrected for initial SBP as a function of initial working memory score. The frontostriatal rCBF at initial testing was significantly related to follow-up SBP. Greater frontostriatal rCBF in response to the 2Back and multisource interference test tasks was related to greater SBP progression. Figure 3 shows a scatter diagram relating SBP at follow-up corrected for initial SBP as a function of initial frontostriatal rCBF. Note that progression of SBP was associated with relatively greater frontostriatal rCBF during the task, despite the mean direction of change in this area during task performance. Overall frontostriatal areas showed reduced rCBF during the tasks (rCBF change, −22.5 mL per 100 mL/min; t=5.5; P<0.001), whereas frontoparietal areas increased (rCBF, 15.7 mL per 100 mL/min; t=4.8; P<0.001). Insular-subcortical areas showed no overall significant change. rCBF change was correlated between areas: frontoparietal to frontrostriatal, r=0.61; frontoparietal to insular-subcortical, r=0.55; and frontostriatal to insular-subcortical, r=0.65.
Neuropsychology
Brain Blood Flow
In Table 3 , frontostriatal rCBF retains a similar level of relationship with subsequent SBP. A marginal positive relationship was seen with BMI. A negative relationship with frontoparietal rCBF with subsequent SBP was strengthened but remained marginal.
Neuropsychology and Brain Blood Flow Combined
When working memory and frontostriatal measures were both included as independent predictors, both continued to relate to follow-up SBP (Table 4) . Minimal reductions in the strength of relationship of both variables with final SBP suggested that neither measure was explained by, or redundant with, the other. As a covariate, BMI showed a continuing marginal relationship with final SBP.
Initial BP Predicting Brain Function
Bivariate Correlations
We used the same analytic procedure to test the alternative hypothesis which predicts that initial BP alters subsequent brain and neuropsychological function. In these analyses, Table 2 included demographic covariates, prefollow-up neuropsychological function or rCBF responses, and prefollowup SBP. Table 3 added BMI and apnea risk. Initial SBP failed to significantly predict either neuropsychological factors or rCBF response at follow-up. Table 3 yielded little or no change in the regression coefficients with final SBP. For this reason, Table 5 presents only the Table 2 results. Greater initial SBP was marginally related to better subsequent working memory. The relationship between initial SBP and follow-up working memory was compared with the relationship between initial working memory and follow-up SBP using a Z statistic correcting for the dependency between these relations. 27 The relationship between working memory and follow-up SBP was significantly stronger than that between initial SBP and follow-up working memory (Z*=2.77; P<0.01).
Discussion
Our results suggest that cerebrovascular reactivity to mental challenge and level of neuropsychological function are associated with BP increases during a 2-year period. These factors might be added to other known factors related to the midlife progression of BP. Theodore et al 28 observed trajectories of BP from ages 7 to 38 and found stability of relative pressures across this age span. BP increases over time were larger in men and those with higher BMI, consistent with the directionality of our results.
Prior observations support a relationship between poorer working memory performance and greater BP. 29 Various measures of executive function, processing speed, and attention have also been related to BP.
1,2 Only working memory performance predicted SBP progression in the current data. Working memory requires the cognitive processing of information held temporarily in memory and hence the coordination of processing and item maintenance. Such processing in prior work activated posterior parietal and dorsolateral prefrontal cortex rCBF but did so less robustly in hypertensive participants. 25, 30 This suggests that the processing may be particularly vulnerable to early etiologic factors of hypertension. We anticipated, however, that other factors, such as executive function, would similarly predict to some degree the progression of BP. We do not have a ready explanation for the specific relationship of working memory in the current data. We found that progression of BP was related to increased rCBF in frontostriatal brain areas during task performance. Overall, frontostriatal areas showed a suppression of rCBF during task performance, but individuals with greater progression of SBP showed increased frontostriatal rCBF during the tasks. Frontostriatal areas are known to have both excitatory and inhibitory influences on limbic areas inducing sympathetic activation with cortical inhibitory effects on excitatory striatum effects more commonly observed. 21 Insular-subcortical activation was significantly and positively related to frontostriatal activation in the current data. This means that those with increased frontostriatal rCBF, that is, those with SBP progression, would show relatively greater insular-subcortical rCBF, whereas those with decreased frontostriatal rCBF would show relatively less insular-subcortical rCBF. Corticolimbic rCBF was, in turn, positively correlated with the degree of diastolic BP reactivity to the tasks (Table S10) , replicating numerous observations in the literature. 26 Frontostriatal rCBF, itself, however, was not significantly related to BP reactivity. The increased frontostriatal activation among those with advancing BP may indicate the presence of conflictual decision making in these stressful tasks. The frontostriatal territories include areas known to relate to the integration of affect/motivation with task effort. 31 Recent animal studies of frontostriatal activation illustrate the complexity of interactions between these areas. In studies of prefrontal effects on the regions within the striatum in rats, only conflictual decisions activated prelimbic cortical projecting neurons. 32 Interneuron activation within the striatum and the prelimbic activation varied with the degree of conflict/stress presented by the choice task. Our data have grossly different temporal and spatial resolution relative to such studies. The studies do converge on the importance of frontostriatal interactions for performance under stress.
In prior cross-sectional work, hypertensive individuals had reduced rCBF in cognitive processing areas, but not limbic areas, 7, 30 and reduced overall CBF response to hypercapnia. 14 The current prehypertensive participants showed only a marginally significant decrease in frontoparietal rCBF response. Overall, the results may support prior interpretations that factors initiating hypertension differ from those maintaining hypertension and that the factors initiating hypertension differ across individuals. 5, 33 Initially enhanced engagement of BP and task-relevant brain areas during the processing of stressful tasks may be supplemented later in the disease with reduced rCBF in vulnerable brain areas.
We did not observe a relation between SBP change and cerebrovascular aging, that is, white matter hyperintensities, microinfarcts, and ventricular and sulcal size. These may be later manifestations of progression toward hypertension given the age of our participants and the 2-year follow-up. Whereas we only observed trends, others have found progression of BP during 10 years of follow-up to relate to enlarged ventricles 34 and declines in overall CBF. 35.36 The prospective relationship between brain indices and later BP can be interpreted in multiple ways. The results cannot establish causality but are consistent with the possibility that essential hypertension induces brain and vascular dysfunction concurrently or even that brain dysfunction induces systemic hypertension. The current relationships are modest in magnitude, however, and do not establish any specific pathophysiological influences on the brain. Greater measurement precision may be expected to yield more compelling effects given the weight of evidence supporting central influences on the initiation of heightened BP. Multiple central influences should be considered. Expression of heightened sympathetic nervous system drive and renal dysfunction have consistently been posited as a cause for heightened BP, for example, 37 Joyner et al 38 review recent results suggesting that heightened sympathetic activity relates to heightened vascular resistance only in men and that chemoreceptor responses to weight gain may be a second sympathetically related path to hypertension. We did not observe sex differences currently, but BMI contributed modestly to the relationship of frontostriatal rCBF to progression of BP. Others have suggested that central autonomic, inflammatory, and neuroendocrine effects may induce the subsequent expression of the disease as heightened BP. 39, 40 Central angiotensin 2 may exert a prominent influence. 41 Clearly, brain function is related to behavioral factors that could be the proximal stimulus for SBP change. Obesity/weight gain is a known associate of progression of BP, 42 and psychosocial stress has been shown to be a consistent associate of hypertension although our current indices did not show this. 43 
Limitations
Our current brain imaging approach was limited to defining composites of relatively large cortical and subcortical spatial areas. Central control of BP also relates to small brain stem areas and cortical/subcortical activations well beyond the spatial and temporal resolution of our current techniques. Further examination of this circuitry should take advantage of substantial advances in imaging and continuing work in animal models. 44 Our longitudinal follow-up was sufficient to establish precedence of brain changes. Further longitudinal observation with larger sample sizes and more specific hypotheses would be necessary to establish mediation of BP progression by brain function or structure, for example, we have not determined the pathway by which neuropsychological function is impacted by brain alterations. Despite careful assessments, our findings might be because of influences that preceded the initiation of our study of prehypertensives, for example, BP progressing to prehypertensive levels or prior brain pathology not detected before follow-up. Our data collection did not include assessment of arterial stiffness/pulse wave velocity. Functional brain efficiency as assessed by neuropsychological tests has related in some cases more strongly to pulse wave velocity than to BP.
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Perspectives
We have shown that brain rCBF activation and memory performance predict the progression of BP toward hypertensive levels at midlife. Further research defining early brain influences on BP are required. Clinically, treatments addressing brain and peripheral physiology may be advisable given that functional brain indices predict the progression of BP. For example, the use of angiotensin receptor blockers has been advocated based on their central nervous system influence. 48 
